Introduction
============

Goose parvovirus (GPV) has been identified as a member of the genus *Dependovirus* in the family *Parvoviridae* \[[@B4]\]. The first sample of this virus was obtained in China in 1956. Since then, sporadic outbreaks of GPV infection have occurred in all of the major goose-farming countries in the world \[[@B21][@B28]\], which has led to tremendous economic loss. GPV is a well-known causative agent of gosling plague (GP), which is characterized by a highly contagious nature and high mortality, and both geese and Muscovy ducks are susceptible to GP. Thus, there is an urgent need to control or prevent GPV infection. Nevertheless, none of the currently available commercial vaccines are able to completely prevent GPV infection. Therefore, certain investigators are pursuing comparatively avirulent, convenient, and efficacious approaches to constructing new vaccine candidates to prevent GPV infection.

The genome of GPV is a linear, single-stranded DNA molecule that is 5106 nucleotides long and that includes two major open reading frames (ORFs) \[[@B36]\]. One ORF encodes regulatory proteins, and the other ORF encodes three capsid proteins designated as VP1, VP2, and VP3 \[[@B40]\]. VP2 and VP3 are included in the carboxyl terminal portion of VP1. The VP2 protein is the primary functional immunological area of GPV, containing an immunodominant region that can participate in neutralizing the virus \[[@B5]\]. Therefore, the VP2 protein may be a suitable target for research strategies aimed at developing new prophylactic vaccines against GPV.

*Lactobacillus* is a microaerophilic, rod-shaped, Gram-positive, facultative anaerobic bacterium \[[@B37]\]. *Lactobacillus* has been demonstrated to have a strong propensity to promote good health and alleviate many health problems \[[@B8][@B10][@B34]\]. Certain *Lactobacillus* (*L*.) *plantarum* strains have been shown to have probiotic effects on human health \[[@B26][@B29]\]. Increasing the use of genetic tools to produce efficient and convenient gene expression in *Lactobacillus* is important. Recombinant lactobacilli that express exogenous antigens have been administered to patients \[[@B6][@B17][@B38]\] at particular dosages in accordance with the expression of antigen and duration of persistence in the intestine. The *L. plantarum* strain NC8 was isolated from grass silage and was recognized as being naturally plasmid-free \[[@B2]\]. As a model strain useful in the development of genetic tools, many reports indicate that NC8 can be widely used in transformation \[[@B33]\], vector-based expression \[[@B1][@B31][@B32]\], general fermentation \[[@B27]\], and bacteriocin production \[[@B25]\] in lactobacilli. This strain has also received considerable attention as an expression vector. For example, recombinant viral and immunomodulatory genes have been expressed in NC8 in order to assess their potential as vaccines or therapeutics \[[@B30]\]. As genetic engineering technology progresses, recombinant NC8 has great potential in the prevention and treatment of many diseases.

To develop a relatively safe expression system for an oral/nasal vaccine against GPV infection, *L. plantarum* NC8 was selected as a vector to express the VP2 gene of GPV as a recombinant protein. The recombinant expression system pSIP-409-VP2/NC8 was successfully constructed, and SDS-PAGE and western blotting analyses revealed that the VP2 protein was highly expressed by *L. plantarum* NC8 and had favorable immunogenicity. We also assessed the immunogenicity of the recombinant pSIP409-VP2/NC8 in BALB/c mice. Our aim was to provide theoretical and experimental bases for developing genetically engineered *L. plantarum* mucosal vaccines against GPV.

Materials and Methods
=====================

Virus and bacterial strains, plasmid vector and main reagents
-------------------------------------------------------------

Both GPV and *L. plantarum* NC8 were maintained by and obtained from Jilin Agricultural University in Changchun, China. Induction of the expression vector pSIP-409 was kindly provided by Kolandaswamy Anbazhagan (Madurai Kamaraj University, India). The pGEM-T plasmid vector was obtained from Promega (USA) Rabbit anti-GPV IgG was produced in our laboratory. Horseradish peroxidase (HRP)-conjugated rabbit anti-mouse IgG was purchased from Bioss (China).

Amplification and sequence identification of the VP2 gene
---------------------------------------------------------

To amplify the GPV VP2 gene, one pair of PCR primers was designed based on sequences published in GenBank (National Center for Biotechnology Information, USA). The forward primer (primer P1: 5′-GGGTCTAGAACGGCACCTGCAAAAAA-3′) contained the *Xba*I restriction endonuclease site, and the reverse primer (primer P2: 5′-GCGGGTACCTTACAGA TTTTGAGTTAGAT-3′) contained the *Kpn*I restriction endonuclease site. Based on these primers, the VP2 structural protein gene of GPV containing the *Xba*I and *Kpn*I restriction endonuclease sites was amplified by using PCR and was purified by using an agarose gel DNA purification kit, as described previously \[[@B39]\]. The purified specific fragment was then cloned into the pGEM-T vector and transformed into *Escherichia* (*E.*) *coli* JM109 competent cells. Suspected positive *E. coli* colonies were screened, and the plasmids identified and extracted by using specific restriction enzyme digestion and sequencing.

Construction of the recombinant expression plasmid pSIP-409-VP2
---------------------------------------------------------------

Positive pGEMT-VP2 plasmids were double-digested with *Xba*I and *Kpn*I, and, after recycling and purification, the target fragments were ligated with T4 DNA ligase overnight at 16℃ with the pSIP-409 plasmid. The ligated products were then transformed into *E. coli* DH5α competent cells \[[@B23]\]. After screening the transformants by restriction enzyme digestion and PCR, the positive recombinant plasmids were defined as pSIP-409-VP2.

Construction of recombinant *L. plantarum* NC8
----------------------------------------------

Electroporation was used to introduce the recombinant plasmid pSIP409-VP2 into *L. plantarum* NC8. Subsequently, 100 µL of the electrotransformation product was plated onto MRS solid medium containing erythromycin at a concentration of 10 µg/mL and was cultured anaerobically at 30℃ for 24 to 36 h. Clones that were screened positive were classified as pSIP-409-VP2/NC8. In addition, samples were analyzed by SDS-PAGE and western blotting.

SDS-PAGE and western blotting analyses
--------------------------------------

To observe the expression levels of the VP2 antigen, the recombinant pSIP409/NC8 and pSIP409-VP2/NC8 plasmids were cultured and Sakacin P (SppIP) (50 ng/mL) was added to the culture medium when the OD~600~ reached 0.3 to induce antigen expression \[[@B13]\]. Next, the cells were disrupted on ice with sonication, and the proteins were separated by SDS-PAGE (12% acrylamide). After being transferred to nitrocellulose membranes, the VP2 protein was detected by using rabbit anti-GPV IgG as a primary antibody and HRP-conjugated labeled goat anti-rabbit IgG as a secondary antibody. An ECL Plus detection kit was used for enhanced chemiluminescence (ECL) visualization of the immunobinding \[[@B30]\].

Animals and ethics statement
----------------------------

All animal experiments were accredited by the Ethics Committee (No. JLAU08201007) for Animal Care of Jilin Agriculture University (China), where the animal facility is approved by the National Association of Laboratory Animal Care. Specific pathogen-free 6- to 8-week-old female BALB/c mice were obtained from Beijing HFK Bioscience, China.

Administration of recombinant *L. plantarum* NC8/VP2 to BALB/c mice
-------------------------------------------------------------------

To assess the immunogenicity of the recombinant *L. plantarum* NC8, 200 µL of recombinant pSIP409-VP2/NC8 or pSIP409/NC8 suspensions at 2 × 10^9^ colony-forming unit were orally administered to the BALB/c mice once/day for 14 days. PBS was given in the same manner to the control groups for 14 days.

Flow cytometric analysis
------------------------

Mice were euthanized 7 days after then end of the 14 day vaccination period. The spleen was obtained and single-lymphocyte suspensions were prepared. Spleen lymphocytes (1 × 10^6^) in 100 µL of fluorescence-activated cell sorting (FACS) buffer were combined with 10 µL of monoclonal fluorescently labeled anti-mouse antibodies (CD3-APC, CD4-FITC, and CD8-PE), mixed well, and incubated at 4℃ for 30 min in the dark. The cells were then incubated with 10 µL of anti-mouse antibody CD11-PE in the same way. After cell suspensions were washed with FACS buffer twice, cell sorting was performed to quantify the cells by using BD FACS Calibur (BD Biosciences, USA), and the data were analyzed by using FlowJo 7.6.1 software \[[@B22]\].

Measurement of cytokine and secretory IgA (sIgA) production by enzyme-linked immunosorbent assay (ELISA)
--------------------------------------------------------------------------------------------------------

Splenic lymphocytes were used for analysis of cytokine secretion *in vitro* following re-stimulation with purified VP2 protein. For this purpose, splenic lymphocyte cultures were seeded into 24-well plates (5 × 10^6^ cells) and treated with purified recombinant VP2 (final concentration, 10 µg/mL) *in vitro* for 72 h, as described previously \[[@B37]\]. The supernatants of the spleen lymphocytes were collected after stimulation, and cytokines such as interferon (IFN)-γ and tumor necrosis factor (TNF)-α were analyzed by performing ELISA.

The sIgA antibody titers in small intestinal washings were tested by using ELISA as described previously \[[@B19]\]. In brief, 96-well immunoplates were coated with 1 µg of VP2 and incubated overnight at 4℃, then blocked with blocking buffer (3% bovine serum albumin (BSA) in PBST) at 37℃ for 1 h. Serum samples and standards were then added. After incubation and washing, anti-mouse-HRP conjugate was added and additionally incubated with 0.02% o-phenylenediamine (OPD) and 0.015% H~2~O~2~ (Zymed, USA). The reaction proceeded at room temperature until it was terminated by the addition of a stop solution, 2 N H~2~SO~4~. The absorbance was measured at 492 nm by using an automated ELISA reader.

Statistical analysis
--------------------

All data were expressed as mean ± SEM values. Statistical analysis was performed by applying two-tailed Student\'s *t*-tests via GraphPad Prism software (ver. 5.0; GrapPad Software, USA).

Results
=======

Cloning of VP2 recombinant plasmid
----------------------------------

A 1764 bp fragment was amplified from GPV DNA by using the primer pair P1 and P2. The results showed that the expected DNA band for the VP2 gene had been amplified; the PCR product was approximately 1764 bp in length ([Fig. 1](#F1){ref-type="fig"}). The purified PCR product was ligated with the pGEM-T vector and transformed into *E. coli* JM 109 competent cells. A positive colony was extracted to detect whether the VP2 gene was inserted into pGEM-T. The segment and vector were checked by digestion using specific restriction endonucleases. Double restriction enzyme digestion of the recombinant plasmid using *Xba*I and *Kpn*I led to the expected DNA fragments, which were 3000 bp and 1764 bp in size ([Fig. 2](#F2){ref-type="fig"}). Separately, the gene that was detected by sequencing shared 99% identity with the original VP2 sequence according to GenBank (GI: 156124944). These results indicate that the VP2 gene was successfully amplified.

Identification of the recombinant plasmid pSIP-409-VP2
------------------------------------------------------

PCR screening was performed on the VP2 DNA of cells harboring pSIP-409-VP2. The results showed that the expected DNA band for the VP2 gene was amplified; the PCR product was approximately 1764 bp in length ([Fig. 3](#F3){ref-type="fig"}). Amplified product was extracted, and double digestion with *Xba*I and *Kpn*I was performed on the recombinant plasmid pSIP-409-VP2. The results showed that a 5627 bp vector band and a 1764 bp fragment were obtained. These results indicate that the target gene was successfully recombined into pSIP-409 according to the planned design ([Fig. 4](#F4){ref-type="fig"}).

SDS-PAGE and western blotting analyses
--------------------------------------

After pSIP-409-VP2/NC8 was induced with SppIP, the recombinant protein was detected by 12% SDS-PAGE, and the expected bands for the recombinant proteins were visualized by using Coomassie brilliant blue staining. The results indicated that the molecular weight of the expressed recombinant protein was approximately 70 kDa (panel A in [Fig. 5](#F5){ref-type="fig"}). The empty vector used in the control group did not produce the expected band.

In addition, western blotting was performed to detect the recombinant VP2 protein, and it was clearly observed that the recombinant protein pSIP-409-VP2/NC8 reacted specifically with the primary antibody; the molecular weight of VP2 was 70 kDa. The pSIP409 vector used in the control group did not produce the expected band (panel B in [Fig. 5](#F5){ref-type="fig"}). These results were in accordance with the SDS-PAGE analysis, and the molecular weights were consistent with the calculated values.

Changes in CD11c, CD4, and CD8 expression
-----------------------------------------

To investigate the effect of recombinant *L. plantarum* NC8 on CD11c expression on the surfaces of dendritic cells (DCs), flow cytometric analysis was performed. As shown in panels A and B in [Fig. 6](#F6){ref-type="fig"}, CD11c levels in the spleen showed significant differences between the pSIP409-VP2/NC8, pSIP409/NC8, and PBS groups, though there was no significant difference in CD11c expression between the two control groups. To evaluate further the effects of recombinant *L. plantarum* NC8 on T cell responses, the frequencies of CD3^+^CD4^+^ and CD3^+^CD8^+^ T cells in mouse spleen were examined (panels C and D in [Fig. 6](#F6){ref-type="fig"}). There were higher percentages of CD3^+^CD4^+^ and CD3^+^CD8^+^ cells in the pSIP409-VP2/NC8 group than in the pSIP409/NC8 group. Taken together, these results suggest that a greater degree of cellular immunogenicity was induced by pSIP-409-VP2/NC8 than by the other constructs and conditions.

Cytokine production
-------------------

The TNF-α and IFN-γ levels were statistically significantly different among the groups. The TNF-α levels in the pSIP-409-VP2/NC8 group were significantly different from those in the pSIP-409/NC8 and PBS groups. In addition, the IFN-γ levels were highly significantly different between the pSIP-409-VP2/NC8 and the pSIP-409/NC8 groups ([Fig. 7](#F7){ref-type="fig"}). These results again suggest that cellular immunogenicity induced by pSIP-409-VP2/NC8 was greater than that induced by the other constructs and conditions.

Effects of recombinant *L. plantarum* on intestinal sIgA production
-------------------------------------------------------------------

The intestinal content of each mouse was collected from similar sections of their small intestines, and the level of intestinal immunoglobulin A (sIgA) production was determined by ELISA ([Fig. 8](#F8){ref-type="fig"}). Remarkably, the sIgA level in the pSIP409-VP2/NC8 group was highly significantly different from that in the pSIP409/NC8 group. Hence, recombinant *L. plantarum* NC8 has a relatively high capacity to induce sIgA production.

Discussion
==========

The livestock- and poultry-breeding industries have undergone rapid development in recent years. Nevertheless, infectious diseases remain the most significant challenge to the further progress of these industries. GPV infections have caused serious economic losses for many countries engaged in industrialized goose production. Preventive vaccination against GPV is an effective way for preventing disease in animals, and different vaccination strategies are normally applied against GPV infection. The first involves immunization of breeder geese prior to laying, which protects the goslings through maternally derived antibodies. The second involves vaccination of susceptible goslings with relatively low virulence vaccine strains \[[@B35]\]. Nevertheless, these two methods, which have varying levels of efficacy, lead to wasted financial resources. Hence, the development of a safe, effective, and low-cost vaccine is necessary. Based on these required characteristics, we chose *L. plantarum* as a candidate vaccine vehicle. *L. plantarum* strain NC8 has been considered as a delivery vehicle for the expression of integral membrane proteins and has been widely applied in both prokaryotes and eukaryotes. One of this strain\'s significant advantages is that it can induce relatively effective immunological responses and reduce the risk of eliciting immunological tolerance. Furthermore, NC8 has the potential for high expression of recombinant proteins, efficient secretion, and membrane protein expression, and it generates strong immunoprotection against influenza virus in BALB/c mice \[[@B23]\]. In addition, a study reported that *Lactobacillus* can be used as an expression vector due to its ability to modulate systemic and mucosal immune responses \[[@B22]\].

Furthermore, probiotic-based vaccines can regulate immunostimulatory responses and activate antigen-presenting cells (APCs), such as macrophages and DCs. DCs are seen as professional APCs that elicit a primary immune response against pathogens challenge \[[@B12]\]. Several investigations have indicated that immunostimulatory function showed tissue-specific differences among DCs in terms of inducing T helper (Th) cell responses \[[@B3]\]; generally, splenic DCs preferentially activate a Th1 responses, whereas DCs isolated from mucosal tissues are involved in the activation of Th2 responses \[[@B14]\]. Our study shows that recombinant *L. plantarum* NC8 can increase the activation of CD11c expression on the surfaces of splenic cells, thus enhancing regulation of the immune response of Th1 cells. Certain studies have also discussed the effects of probiotics on immune function, focusing on the Th1/Th2 or pro-inflammatory/anti-inflammatory cytokine balance \[[@B24],[@B11],[@B7]\]. Th1 cells can produce IFN-γ and TNF-α, which are able to stimulate Tc and macrophages to activate cellular immunity against intracellular pathogens such as viruses \[[@B9]\]. In the present study, we focused on changes in IFN-γ and TNF-α levels in the supernatants of splenic lymphocyte cultures. IFN-γ is produced by T lymphocytes and NK cells, and it plays a major role in enhancement of phagocytic activity and activation of Th1 responses against virus infection. TNF-α is produced by both T lymphocytes and monocytes, and it has an important function in inflammatory responses. Our study demonstrated that IFN-γ levels were significantly increased in the pSIP-409-VP2/NC8 group and that TNF-α levels differed significantly between the mice immunized with pSIP-409-VP2/NC8 and the control group, which is consistent with previous studies demonstrating that most probiotic strains are capable of inducing TNF-α \[[@B15]\]. In summary, our findings imply that recombinant *L. plantarum* NC8 may increase the activation of helper CD4^+^ T cells and cytotoxic CD8^+^ T cells and modulate adaptive immunity.

It is well known that the mucosal immune system has a crucial role in the first line of defense against pathogens infection, such as bacteria and viruses \[[@B22]\]. The gastrointestinal tract is the largest of these barriers and is especially suitable for colonization by probiotics. Natural sIgA is induced through constant antigenic stimulation by intestinal microflora, and live probiotics can reach the intestinal epithelial surface or interact with the underlying mucosal immune system, where they can aid digestion and significantly impact mucosal immunity. Additionally, a study has reported that sIgA was associated with the health of patients with inflammatory bowel disease \[[@B16]\]. Based on these reports, we performed additional experiments and showed increased small intestinal sIgA production in BALB/c mice following the administration of recombinant *L. plantarum* NC8. There is increasing evidence to indicate that the specific lesions observed in GPV-infected geese are predominantly characterized by severe enteritis, along with small intestine mucous membrane shedding and necrosis \[[@B18]\]. Hence, it is important to strengthen local immunity to decrease the risk of GPV infection.

In conclusion, vectors based on lactic acid bacteria have been widely used as live vaccine vehicles against diverse foreign microbes. We generated a recombinant GPV VP2 protein using *L. plantarum* NC8 as an avirulent, convenient, and effective vaccine vector to express GPV VP2 and evaluated its potential as a candidate vaccine against GP in goslings. The results of western blotting showed that pSIP-409-VP2/NC8 could induce strong favorable immunogenic responses to GPV. We did not evaluate the immune responses in geese due to many external factors such as the season and the environment. There is an accumulation of studies demonstrating that structural proteins play a vital function in viral infection \[[@B20]\], replication, and pathogenicity, which suggests that the VP2 structural protein is the main GPV functional immunological area that serves as a viral protective antigen and provides beneficial antigenicity \[[@B5]\]. Additionally, this study showed the practicality of developing genetically engineered *L. plantarum* for use as a mucosal vaccine and elucidated the immune response induced by *L. plantarum*. Further studies into memory B cell responses to pSIP-409-VP2/NC8 and natural geese GPV infections are needed.
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![Polymerase chain reaction (PCR) results for the goose parvovirus (GPV) VP2 gene. M, marker DL2000; Lanes 1 and 2, PCR products of the VP2 gene (1764 bp); Lane 3, negative control.](jvs-18-159-g001){#F1}

![Confirmation of the pGEM-T-VP2 recombinant plasmid obtained via restriction enzyme digestion. Lane 1--4, pGEM-T-VP2 digested with *Kpn*I and *Xba*I (3000 bp and 1764 bp, respectively); M1, DL2000 marker; M2, λ-Hind III.](jvs-18-159-g002){#F2}

![Electropherogram of the VP2 gene amplified via polymerase chain reaction (PCR) from the pSIP-409-VP2 recombinant plasmid. Lane 1, negative control; Lanes 2 and 3, VP2 PCR product (1764 bp); M, DL2000 marker.](jvs-18-159-g003){#F3}

![Confirmation of the pSIP-409-VP2 recombinant plasmid obtained via restriction enzyme digestion. Lanes 1 and 2, pSIP409-VP2 digested with *Kpn*I and *Xba*I (5627 bp and 1764 bp, respectively); M1, λ-Hind III; M2, DL2000 marker.](jvs-18-159-g004){#F4}

![SDS-PAGE and western blotting analyses of the VP2 protein expressed in NC8. (A) All of the pSIP-409-VP2 protein bands at the induction times were 70 kDa in size. Lane M, protein marker; Lanes 1--6, induction of pSIP-409-VP2 with SppIP at 1 h, 2 h, 3 h, 4 h, 5 h, and 6 h, respectively; Lane C, empty pSIP-409 vector. (B) Western blotting analysis using an anti-GPV polyclonal antibody. The analysis demonstrates the specific reactivity of the VP2 protein expressed in NC8; the protein band was 70 kDa in size. Lane M, protein molecular mass standards; Lane 1, pSIP-409-VP2/NC8; Lane C, pSIP-409/NC8.](jvs-18-159-g005){#F5}

![CD11c, CD4, and CD8 expressions in immunized mice. Group A, pSIP409-VP2/NC8; Group B, pSIP409/NC8; Group C, phosphate-buffered saline (PBS). (A) Histograms show flow cytometry result (on isolated cells from spleen) from mice administered pSIP409-VP2/NC8 (thick red line) in comparison with the mice administered pSIP409/NC8 (thick green line) or PBS (filled histograms with gray color). (B) The CD11c+ levels of Group A were significantly different from those of Group B (^\*^*p* \< 0.05). (C) Gate strategy. (D) There were significantly different percentages of CD3+CD4+ and CD3+CD8+ cells between Groups A, B and C (^\*^\**p* \< 0.01). On average, there were greater changes in CD11c+-, CD4+-, and CD8+-expressing spleen lymphocytes in Group A than in the other test groups. The data are expressed as mean ± SEM values from triplicate experiments. n = 3 mice per group.](jvs-18-159-g006){#F6}

![Effect of recombinant *Lactobacillus plantarum* on cytokine production in mice. The levels of tumor necrosis factor (TNF)-α and interferon (IFN)-γ in the supernatants of spleen lymphocyte cultures were determined by enzyme-linked immunosorbent assay. Values are the means ± SEM for three mice. Asterisks represent statistically significant differences; ^\*^*p* \< 0.05, ^\*\*^*p* \< 0.01 compared with the control group.](jvs-18-159-g007){#F7}

![Effect of administering recombinant *Lactobacillus plantarum* on sIgA production in mouse intestine. The levels of sIgA in the intestine were determined by enzyme-linked immunosorbent assay. Asterisks represent statistically significant differences; ^\*\*\*^*p* \< 0.001 compared with the control group. The data are expressed as mean ± SEM values of triplicate experiments. n = 3 mice per group.](jvs-18-159-g008){#F8}
